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Photon blockade is an effective way to generate single photon, which is of great significance in
quantum state preparation and quantum information processing. Here we investigate the statistical
properties of photons in a double-cavity optomechanical system with nonreciprocal coupling, and
explore the photon blockade in the weak and strong coupling regions respectively. To achieve the
strong photon blockade, we give the optimal parameter relations under different blockade mech-
anisms. Moreover, we find that the photon blockades under their respective mechanisms exhibit
completely different behaviors with the change of nonreciprocal coupling, and the perfect photon
blockade can be achieved without an excessively large optomechanical coupling, i.e., the optomechan-
ical coupling is much smaller than the mechanical frequency, which breaks the traditional cognition.
Our proposal provides a feasible and flexible platform for the realization of single-photon source.
PACS numbers: 42.50.Wk, 42.50.Ar, 42.65.-k
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I. INTRODUCTION
Photon blockade (PB) is a nonclassical anti-bunching
effect and satisfies sub-Poissonian light statistics, which
is the crucial role to generate and manipulate the single-
photon source in most quantum information and com-
putation sciences, such as quantum simulation [1], quan-
tum key distribution [2], quantum repeater [3], quantum
metrology [4], etc. So far, there are two well-known ideas
to achieve the strong PB effect, i.e., the conventional pho-
ton blockade (CPB) [5–7] and the unconventional pho-
ton blockade (UPB) [8–10] mechanisms, which respec-
tively rely on the anharmonic eigenenergy spectrum and
the destructive quantum interference between two differ-
ent quantum transition paths from the ground state to
a two-excited state, and both ideas have been realized
experimentally in various systems [11–15].
Specifically, the anharmonic eigenenergy spectrum of
CPB usually comes from kinds of nonlinearities, e.g.,
Kerr-type nonlinear dielectrics [16, 17] and nonlinear cou-
pling [18, 19]. When the external laser driving is reso-
nant to the single-photon transition and the energy gap
of the two-photon transition is larger than the cavity
decay, the CPB occurs. Furthermore, the anharmonic
eigenenergy spectrum can also be obtained via the dis-
persive coupling when the system includes a two-level
qubit [20–23]. On the other hand, the UPB mechanism
usually requires an extra component, such as atom [24–
30], magnon [31, 32], optical parametric amplifier [33],
qubit [34], nonlinear reservoir [35], auxiliary cavity [36–
39], etc, which is used to construct another transition
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path from the ground state to the two-excited state. The
UPB is obtained when the destructive quantum interfer-
ence occurs between the direct excitation path and the
structured path. In the past decade, the optomechanical
system has become a hot topic to study PB due to its
inherent nonlinearity [40–43]. However, the implementa-
tion of strong PB has to require a very large optome-
chanical coupling strength according the CPB mecha-
nism, which is the major obstacle to experimental re-
alization. In addition, those researches on the UPB in
optomechanical system have been proposed via inducing
the auxiliary cavity mode [44–48] or parametric ampli-
fier [49]. The coupling between the auxiliary cavity and
optomechanical system is usually larger than the cavity
decay to achieve the complete destructive quantum in-
terference. So how to achieve a strong PB effect in the
weak coupling region will be beneficial to study in exper-
iments. Reference [50] has reported an UPB effect in the
weak coupling region via optimizing the two-driving rela-
tion, in which both components are driven by the tuned
pump fields.
Currently, the non-Hermitian system has attracted
much attention of numerous researchers due to its own
properties [51, 52]. As the name implies, the non-
Hermitian system is in violation of the Hermitian prop-
erty, which can be divided into two different patterns,
i.e., gain system [53–58] and nonreciprocal coupling sys-
tem [59–62]. As an extreme case of nonreciprocal cou-
pling, the unidirectional dissipative coupling is studied
in a coupled nonlinear cavity system [63]. Moreover, we
have also studied and distinguished the different blockade
mechanisms in a PT -symmetric optomechanical system
with gain [64]. Naturally, we are expected to further
take account of the effect of the nonreciprocal coupling
on PB, and achieve the PB in non-Hermitian system. It
is worth emphasizing that, what we investigate in this
paper is essentially different from that of the nonrecip-
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2rocal PB [65–69], which represents whether or not the
blockade occurs when the system is driven by laser from
different directions.
Here, we are dedicated to investigating the PB effect in
a double-cavity optomechanical system, where the cou-
pling between the two cavities is different in direction.
As reported in various theoretical and experimental pro-
posals [70–75], the system under consideration consists
of two coupled whispering-galley-mode cavities, where
one is an optomechanical cavity and the other is an or-
dinary cavity driven by a weak classical laser field. In
our proposal, the PB effect is measured by utilizing the
second-order correlation function, which is calculated by
analytically solving the Schro¨dinger equation or numer-
ically simulating the quantum master equation, respec-
tively. Moreover, we distinguish the different blockade
mechanisms (CPB or UPB) both in the weak and strong
coupling regions, and discuss in detail the effects of pa-
rameter fluctuation on CPB and UPB under the steady-
state assumption. We find that the CPB and UPB ex-
hibit completely different behaviors with the change of
the nonreciprocal coupling. Meanwhile, to ensure the ef-
fective implementation of strong PB, we respectively give
the optimal parameter relations for the different block-
ade mechanisms. Furthermore, by simulating the dy-
namic evolution of the initial system numerically, all the
analysis and discussion under the steady-state assump-
tion are further verified. Different from the previous pro-
posals [40, 41, 44–48, 76–81], the perfect PB not only
does not need the excessively large optomechanical cou-
pling, but also can be obtained with a weak nonrecipro-
cal coupling, i.e., the optomechanical coupling is much
smaller than the mechanical frequency and the nonrecip-
rocal coupling is smaller than the cavity decay. And only
one cavity is driven by a normal laser field, which is dif-
ferent from the two-driving tuned scheme [50]. Therefore,
our proposal would be more feasible for the realization of
strong PB, and ensures that a high-quality and efficient
single-photon source can be engineered.
The paper is organized as follows: In Sec. II, we illus-
trate the double-cavity optomechanical system with non-
reciprocal coupling and give its Hamiltonian. In Sec. III,
we analytically and numerically solve the second-order
correlation function, analyze the effects of the nonrecipro-
cal coupling on the PB, and discuss the different blockade
mechanisms from weak region to strong coupling region.
Finally, a conclusion is given in Sec. IV.
II. SYSTEM AND HAMILTONIAN
As depicted in Fig. 1, we consider a double-cavity op-
tomechanical system [82–87] consisting of one mechanical
mode (b) and two optical modes (a1 and a2), where the
coupling between two cavities is nonreciprocal (λ1 6= λ2)
and the mechanical mode is coupled to the optical mode
a1 via optomechanical interaction. The nonreciprocal
coupling in our proposal can be achieved by utilizing an
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FIG. 1: Schematic diagram of the double-cavity optomechan-
ical system with nonreciprocal coupling.
imaginary gauge field [71, 72], impurity [73], or auxiliary
nonreciprocal transition device [74, 75]. Such as, the non-
reciprocal coupling will be scaled by exp(±h) in the op-
posite transmission directions when the system is placed
in an imaginary gauge field, where h describes the effect
of the imaginary vector potential. On the other hand,
the presence of impurity or auxiliary nonreciprocal tran-
sition device can also affect the photon hopping between
cavities, which results in the nonreciprocal coupling. The
ordinary cavity a2 is driven by a classical laser field with
frequency ωl. In the rotating frame with respect to the
driving laser field V = exp[−iωlt(a†1a1 + a†2a2)], the total
Hamiltonian of the system is written as (~ = 1)
H = ∆1a
†
1a1 + ∆2a
†
2a2 + ωmb
†b+ λ1a
†
1a2 + λ2a1a
†
2
−ga†1a1(b† + b) + Ea†2 + E∗a2, (1)
where ∆j = ωj − ωl (j = 1, 2) is the corresponding
cavity-laser detuning. ωj and ωm are the resonance fre-
quency of corresponding optical cavity and mechanical
resonator. λj represents the tunneling strength of pho-
ton jumping into cavity aj . |E| =
√
2κ2P/(~ωl) is the
amplitude of the driven laser field with power P and κj is
the corresponding cavity decay rate [88]. In the mechan-
ical displacement representation defined by a canonical
transformation V ′ = exp[g/ωma
†
1a1(b
† − b)], the non-
linear optomechanical coupling can be diagonalized as
g2/ωm(a
†
1a1)
2. Under the condition of weak optomechan-
ical coupling (g/ωm  1 in most actual optomechanical
systems [89]), the reduced Hamiltonian is given by (see
Appendix A)
H ′ = ∆1a
†
1a1 + ∆2a
†
2a2 + λ1a
†
1a2 + λ2a1a
†
2
−χ(a†1a1)2 + Ea†2 + E∗a2, (2)
where χ = g2/ωm is the Kerr-type nonlinear strength
induced by the optomechanical coupling.
It should be pointed out that the classical laser field
is applied to the ordinary cavity, not the optomechanical
cavity [64]. This is because the perfect PB cannot occur
when the optomechanical cavity is driven only by the
classical laser field. The detailed discussion is given in
the following text and Appendix B.
3III. PHOTON STATISTIC
In this section, we respectively investigate the PB ef-
fect in the weak and strong coupling regions. These stud-
ies are analyzed in detail according to two different block-
ade mechanisms, and are carried out through analytically
solving the non-Hermitian Schro¨dinger equation and nu-
merically simulating the quantum master equation.
A. Analytical solution and numerical simulation
Usually, the PB is characterized by the correlation
function, which can be analytically obtained by solving
the non-Hermitian Schro¨dinger equation. Here, the non-
Hermitian Hamiltonian is directly given by adding phe-
nomenologically the imaginary decay terms and reads
HNM = H
′ − iκ1
2
a†1a1 − i
κ2
2
a†2a2. (3)
To obtain the analytical result of the correlation func-
tion, we calculate the Schro¨dinger equation under the
weak driving condition (E  κ2), i.e., i∂|ψ(t)〉/∂t =
HNM|ψ(t)〉, where |ψ(t)〉 is the state of the system and
the evolution space can be limited in the low-excitation
subspace (up to 2). Thus the state of the system at any
time can be expanded as
|ψ(t)〉 =
n1+n262∑
n1,n2
Cn1n2(t)|n1, n2〉. (4)
Here, Cn1n2(t) is the probability amplitude of the state
|n1, n2〉, which represents n1 photons being in the cav-
ity a1 and n2 photons being in the cavity a2. Under the
weak driving condition, those probability amplitudes sat-
isfy the relation of |Cn1n2 |n1+n2=2  |Cn1n2 |n1+n2=1 
|C00| ' 1. Substituting the non-Hermitian Hamiltonian
and the above state into the Schro¨dinger equation, we
get a set of linear differential equations for the probabil-
ity amplitudes, which reads
i
∂C10
∂t
=
(
∆1 − iκ1
2
− χ
)
C10 + λ1C01 + E
∗C11,
i
∂C01
∂t
=
(
∆2 − iκ2
2
)
C01 + λ2C10 + EC00 +
√
2E∗C02,
i
∂C20
∂t
= (2∆1 − iκ1 − 4χ)C20 +
√
2λ1C11,
i
∂C11
∂t
=
(
∆1 − iκ1
2
+ ∆2 − iκ2
2
− χ
)
C11
+
√
2 (λ1C02 + λ2C20) + EC10,
i
∂C02
∂t
= (2∆2 − iκ2)C02 +
√
2λ2C11 +
√
2EC01. (5)
The above equations can be solved directly to obtain
the dynamical result of state evolution. However, be-
cause what we are interested in is the steady-state pho-
ton statistical property, we thus just give the steady-state
result, which can be simplified through some approxi-
mate processes, e.g., ignoring those higher-order terms,
E∗ = E, ∆1 = ∆2, and κ1 = κ2. The approximate
steady-state solution is given as
C10 = −4Eλ1/M,
C01 = 2E (2∆2 − 2χ− iκ2) /M,
C20 = 8
√
2E2λ21 (χ− 2∆2 + iκ2) /N,
C11 = 8E
2λ1 (χ− 2∆2 + iκ2) (4χ− 2∆2 + iκ2) /N,
C02 = 2
√
2E2
[
4λ1λ2χ+ (χ− 2∆2 + iκ2)
× (2χ− 2∆2 + iκ2) (4χ− 2∆2 + iκ2)
]
/N, (6)
with
M =
[
4λ1λ2 + (2∆2 − iκ2) (2χ− 2∆2 + iκ2)
]
,
N =
[
4λ1λ2(2χ− 2∆2 + iκ2) + (2∆2 − iκ2)
×(χ− 2∆2 + iκ2)(4χ− 2∆2 + iκ2)
]
M. (7)
By combining the above steady-state analytical result
with the definition of equal-time second-order correlation
function g
(2)
j (0) = 〈a†ja†jajaj〉/〈a†jaj〉2, the final analyti-
cal result reads
g
(2)
1 (0) =
〈a†1a†1a1a1〉
〈a†1a1〉2
' 2|C20|
2
|C10|4 ,
g
(2)
2 (0) =
〈a†2a†2a2a2〉
〈a†2a2〉2
' 2|C02|
2
|C01|4 , (8)
which characterizes the probability of observing two pho-
tons being in the ith cavity at the same time. Here,
g
(2)
j (0) > 1 represents the photon bunching effect, oth-
erwise it represents the photon anti-bunching effect and
satisfies the sub-Poissonian light statistics. Specifically,
the perfect PB effect can be characterized by a necessary
condition g
(2)
j (0) = 0, namely, |C20| = 0 or |C02| = 0. It
is easy to find that only |C02| = 0 can be satisfied with
the following parameter relations:
∆±2 = ±
√
3κ22 + 7χ
2
6
+
7χ
6
,
λ±2 = ∓
√
3κ22 + 7χ
2
54λ1
(
12κ22
χ
+ 7χ
)
− 5χ
2
27λ1
, (9)
where we obtain two different optimal relations distin-
guished by ‘±’. When the above relations are satisfied,
the two-photon excited state |0, 2〉 can be completely sup-
pressed due to the ideal destructive quantum interference
between two different excitation paths (|0, 0〉 → |0, 1〉 →
|0, 2〉 and |0, 0〉 → |0, 1〉 λ1−→ |1, 0〉 → |1, 1〉 λ2−→ |0, 2〉). So
we focus on studying the photon statistic in the driven
cavity in the following parts. However, it is worth noting
4that the study does not mean that no PB occurs in the
optomechanical cavity, because it only needs to satisfy
g
(2)
1 (0) 1.
The above calculations have given the analytical re-
sult of the equal-time second-order correlation function
through approximate processes. To verify the analytical
result, we give the exact numerical simulation by utilizing
the quantum master equation
∂ρ
∂t
= −i [H, ρ] + κ1L[a1]ρ+ κ2L[a2]ρ
+γm(nth + 1)L[b]ρ+ γmnthL[b†]ρ. (10)
where L[o]ρ = oρo† − (o†oρ+ ρo†o) represents the Lind-
blad operator for the arbitrary system operator o. γm is
the mechanical damping rate and nth is the mean ther-
mal phonon number. ρ is the dynamical density matrix
of the system, which can reach its own steady state ρs
after a long evolution time. Meanwhile, the numerical re-
sult of the equal-time second-order correlation function
is
g
(2)
2 (0) =
Tr(a†2a
†
2a2a2ρs)
[Tr(a†2a2ρs)]2
. (11)
The analytical and numerical results of the equal-time
second-order correlation function have been respectively
given through the above calculations. Furthermore, the
PB is usually characterized through the delayed second-
order correlation function, which represents the probabil-
ity of detecting another photon after a finite-time delay τ .
Generally, the delayed second-order correlation function
at any time is defined by
g
(2)
2 (τ) =
〈a†2(t)a†2(t+ τ)a2(t+ τ)a2(t)〉
〈a†2(t)a2(t)〉〈a†2(t+ τ)a2(t+ τ)〉
, (12)
which is not convenient to solve directly. To calcu-
late the delayed second-order correlation function in the
Schro¨dinger picture, the above definition needs a trans-
formation, i.e., 〈o(t)〉 = Tr[oU(t)ρU(t)†], where U(t) rep-
resents the evolution operator of the system. When the
system reaches its steady state, the delayed second-order
correlation function in the Schro¨dinger picture is rewrit-
ten as
g
(2)
2 (τ) =
Tr[a†2a2U(τ)a2ρsa
†
2U
†(τ)]
[Tr(a†2a2ρs)]2
, (13)
which is convenient to solve through the above quantum
master equation (10). Now, we have given the analyti-
cal and numerical results of the correlation function, and
discussed the calculation method of the delayed second-
order correlation functions. Next, we study the photon
statistic and emission properties of the system and an-
alyze their physical essence based on different blockade
mechanisms.
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FIG. 2: (a) and (b) represent the equal-time second-order cor-
relation function versus the cavity-laser detuning with the op-
timal parameter relations designated by ‘+’ and ‘−’ in Eq. (9),
respectively. (c) The dynamical evolution of the equal-time
second-order correlation function with the optimal parame-
ter ∆−2 and λ
−
2 . Here, we have assumed the system initial
state is in the vacuum state. (d) The delayed second-order
correlation function versus the time-delay. The system pa-
rameters are set as κ2 = 2pi × 0.15 MHz, E/κ2 = 0.02,
λ1/κ2 = 0.95, ωm = 2pi × 75 MHz, γm = ωm/106, nth = 0,
and g/ωm = 0.042.
B. Weak coupling
In the usual proposals, the required coupling is very
strong to structure the destructive quantum interfer-
ence [50] or the anharmonic eigenenergy spectrum [40,
41], namely, {λ1, λ2} > κ2 and g ∼ ωm. Here, we
strictly analyze the optimal parameter relation via the
UPB mechanism and find that the strong coupling is un-
necessary in our proposal.
To verify our analysis, we plot the equal-time second-
order correlation function versus the cavity-laser detun-
ing ∆2 through analytical and numerical methods in
Figs. 2(a) and 2(b), respectively, where the analytical
and numerical results agree well with each other and the
system parameters satisfy {λ1, λ2} < κ2 and g/ωm  1.
We can see that the perfect PB occurs with both the op-
timal parameters in Eq. (9). After that, we only take the
optimal relation designated by ‘−’ as an example. The
dynamical evolution of the correlation function is shown
in Fig. 2(c), which proves the system reaches a steady
state after a long evolution time and the perfect PB oc-
curs with the optimal system parameters. As a com-
parison, when the nonreciprocal coupling does not take
the optimal value λopt2 , the correlation function cannot
reach 0 when the system reaches its steady state. That
is because the non-optimal coupling does not achieve the
complete destructive quantum interference so that the
two-photon excitation occurs. Finally, we numerically
5FIG. 3: The equal-time second-order correlation function ver-
sus different system parameters. Here, the dashed white
line and white point represent the optimal parameter rela-
tion. The blank regions represent the equal-time second-order
correlation function is larger than 1 and the photon occurs
bunching effect.
calculate the delayed second-order correlation function
according to Eq. (13) and show the result in Fig. 2(d).
Similarly, when the system parameters are not optimal,
the delayed second-order correlation function is also cal-
culated and shown. The results indicate that the delayed
second-order correlation function is always larger than
the equal-time one, i.e., g
(2)
2 (τ) > g
(2)
2 (0), which charac-
terizes the non-classical anti-bunching effect of photons.
Moreover, we also study the effect of parameter fluc-
tuations on the equal-time second-order correlation func-
tion and show those results in Fig. 3. To further clarify
whether the perfect PB can be achieved for {λ1, λ2} < κ2
and g/ωm  1, we analyze the optimal parameter re-
lation and find that the required optimal nonrecipro-
cal coupling is related to the optomechanical coupling
strength. The minimal value of the optimal nonrecip-
rocal coupling occurs at g/ωm = 0.042, which can be
derived from Eq. (9) and seen from Fig. 3(a). And when
the optomechanical coupling strength is g/ωm = 0.042,
the optimal nonreciprocal coupling satisfies an inverse
proportional function, which reads λ1λ2/κ
2
2 = 0.92, as
shown in Fig. 3(b). That means the perfect PB can occur
even with {λ1, λ2} < κ2 and g/ωm  1, which breaks the
strong-coupling limit of UPB mechanism. In addition,
the location of perfect blockade occurring is also related
to the optomechanical coupling, as shown in Fig. 3(c).
That is to say, the optomechanical coupling is a core
role for the perfect blockade, which determines the loca-
tion of blockade and the optimal nonreciprocal coupling
strength in our scheme, as shown in Fig. 3(d). Contrar-
ily, whether the optomechanical coupling is vanishing or
too large, the required nonreciprocal coupling strength is
larger than the cavity decay, which means that the per-
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FIG. 4: The dynamical evolution of the intracavity photon
number.
fect photon cannot be achieved under the weak coupling
region.
To measure the efficiency of single-photon emission,
we discuss the dynamical evolution of the photon num-
ber (n2 = 〈a†2a2〉) with different nonreciprocal coupling
strengths, as shown in Fig. 4. We can see that the in-
tracavity photon number reaches a steady-state value
n2 ∼ 10−4 when the system is stable. Meanwhile, the ef-
ficiency of single-photon emission is estimated by the out-
put photon flux κ2〈a†2a2〉. Furthermore, one can see from
Figs. 2(c) and 4 that, although the efficiency of single-
photon emission is improved with an imperfect nonrecip-
rocal coupling 0.8λopt2 , the quality of the single-photon
source is declined.
Based on the above analysis and discussion, we find
that the perfect PB can be obtained even with the weak
coupling parameters in the nonreciprocal coupling sys-
tem, i.e., {λ1, λ2} < κ2 and g/ωm  1. The obtained
PB belongs to the UPB mechanism so that the derived
optimal parameter relation is also the unconventional op-
timal parameter relation. Next, we study the different
blockade mechanisms with the strong coupling parame-
ters and discuss their influence on blockade effect.
C. Strong coupling
Different from the weak coupling, the CPB phe-
nomenon would become obvious because the energy-
level splitting induced by the strong coupling causes a
large transition detuning between single-photon and two-
photon excitations. So we discuss both conventional and
unconventional blockade mechanisms under the strong
coupling region. For the unconventional blockade, the
above calculation results are still applicable. Therefore,
we analyze the conventional blockade according to the
energy spectrum of different excitations. Expanding the
system Hamiltonian without the laser driving term, i.e.,
HND = ∆1a
†
1a1 + ∆2a
†
2a2 − χ(a†1a1)2 + λ1a†1a2 + λ2a1a†2,
we directly solve the eigenvalue equation of the system
to obtain the energy spectrum in different excitation
subspaces. For the sake of simplicity, we still assume
∆1 = ∆2 and κ1 = κ2 in subsequent calculations. Mean-
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FIG. 5: The equal-time second-order correlation function in
the strong coupling region, e.g., g/ωm = 0.2 and λ1/κ2 =
8. (a) λ2 = λ
opt
2 ; (b) λ2 = 0.8λ
opt
2 ; (c) λ2 = 1.2λ
opt
2 ; (d)
The correlation function versus both the detuning and the
nonreciprocal coupling. Here, the dashed white and magenta
lines represent the conventional optimal parameter relation of
the single-excitation resonant ∆2 = ±
√
λ1λ2 + χ2/4 + χ/2.
while, it is easy to derive the system eigenvalues in differ-
ent excitation subspaces, e.g., ε0 = 0 for the zero excita-
tion and ε1± = ±
√
λ1λ2 + χ2/4−χ/2+∆2 for the single
excitation. However, the eigenvalues of two excitations
are too cumbersome to show here. Utilizing the theory
of conventional blockade mechanism (resonant transition
between the zero and single excitations), we can derive
the locations of CPB occurring
∆2 = ±
√
λ1λ2 +
χ2
4
+
χ
2
. (14)
Thus, when the nonreciprocal coupling takes the above
unconventional optimal parameter relation, there will
be three locations occurring PB, where two conven-
tional and one unconventional blockades are located at
±√λ1λ2 + χ2/4+χ/2 and (7χ−√3κ22 + 7χ2)/6, respec-
tively.
To verify the above analysis, we plot the analytical and
numerical results of the equal-time second-order correla-
tion function in Fig. 5(a). For the strong parameters,
e.g., g/ωm = 0.2 and λ1/κ2 = 8, the PB locations oc-
cur at the locations ∆2/κ2 = −3.5, 14.5, and 23.5 [see
the three blue circles in Fig. 5(a)], which respectively
correspond to the different blockade mechanism. Specif-
ically, the two dips located at both sides belong to the
CPB and the middle one is the location of the UPB oc-
curring. Furthermore, to study the effect of nonrecipro-
cal coupling on different blockade mechanisms, we also
calculate the correlation functions with the non-optimal
nonreciprocal coupling and show them in Figs. 5(b)-5(d).
For the UPB, when the nonreciprocal coupling is smaller
than the optimal value, the the UPB splits into two dips,
0 5 10 15 20
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FIG. 6: The dynamical evolution of the equal-time second-
order correlation function and the intracavity photon number
with different nonreciprocal couplings. Here, we choose the
cavity-laser detuning ∆2 =
√
λ1λ2 + χ2/4 + χ/2 [the right-
most dip in Fig. 5(a)].
as shown in Fig. 5(b). As a contrast, the blockade lo-
cation of the UPB does not change but the blockade ef-
fect is worse with a larger nonreciprocal coupling [see
Fig. 5(c)]. That is because the amplitude of the two-
excited state rapidly increases when the nonreciprocal
coupling is smaller than the optimal value. On the other
hand, we find that the fluctuation of nonreciprocal cou-
pling monotonously changes the CPB locations [see the
dashed white and magenta lines in Fig. 5(d)].
Moreover, we study the dynamical evolution of
the equal-time second-order correlation function and
the intracavity photon number, located at ∆2 =√
λ1λ2 + χ2/4 + χ/2, with different nonreciprocal cou-
plings to explore their effect on the CPB. The obtained
results of both them are shown together in Fig. 6, where
the different colors respectively represent the correlation
function and intracavity photon number, and the gray
scale distinguishes those results of different nonreciprocal
couplings. Different from the UPB effect, the CPB and
intracavity photon number get better with the nonrecip-
rocal coupling increasing; namely, the smaller correlation
function and the larger intracavity photon number are
obtained when the nonreciprocal coupling is enhanced.
That means the efficiency of single-photon emission and
the quality of the single-photon source are both improved
with the nonreciprocal coupling increasing, which is com-
pletely different from the UPB.
In the above discussions, we still take the uncon-
ventional optimal relation [see Eq. (9)] as the stan-
dard to study the different blockade behaviors in the
strong coupling region. However, it is worth noting
that the unconventional optimal relation is not satis-
fied in the CPB effect, as shown in Fig. 6. Naturally,
we consider whether there is another optimal relation to
make the conventional blockade best. We study those
changes of the correlation function versus the optome-
chanical and nonreciprocal couplings. We then obtain
a conventional optimal relation by numerically fitting,
λ2 = 4.2g
4/(λ1ω
2
m), which can optimize the CPB located
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FIG. 7: (a) and (b) represent the equal-time second-order cor-
relation function g
(2)
2 (0) located at ∆2 =
√
λ1λ2 + χ2/4+χ/2
versus both the optomechanical and nonreciprocal couplings
when λ1/κ2 = 8 and λ1/κ2 = 30, respectively, where the
dashed white line is the conventional optimal relation λ2 =
4.2g4/(λ1ω
2
m) and the inserts show the logarithmic value of
correlation function log[g
(2)
2 (0)]. (c) and (d) are the dy-
namical evolutions of the equal-time second-order correla-
tion function and the intracavity photon number located at
∆2 =
√
λ1λ2 + χ2/4 + χ/2 with λ2/κ2 = 8.
FIG. 8: The equal-time second-order correlation function ver-
sus both the optomechanical coupling and the nonreciprocal
coupling. Here, the dashed white line represents the optimal
parameter relation in Eq. (9).
at ∆2 =
√
λ1λ2 + χ2/4 + χ/2, as shown in Figs. 7(a)
and 7(b). However, it is worth noting that the UPB
disappears under the conventional optimal relation due
to the destructive quantum interference cannot be sat-
isfied. Moreover, the dynamical evolutions of the equal-
time second-order correlation function and the intracav-
ity photon number are also calculated and shown in
Figs. 7(c) and 7(d), respectively. We can see that the
correlation function is almost zero over time and the in-
tracavity photon number up to ∼ 10−2 in the strong
coupling region.
On the other hand, the single-photon optomechanical
coupling is usually smaller than the optical decay rate
in most optomechanical experiments. Therefore, the se-
lected ideal optomechanical coupling g/κ2 ' 21 is still
a challenge in the current experiment. Moreover, the
optomechanical coupling is not as large as possible in
our work, which is different from the traditional optome-
chanical system [40, 41]. Here, we continue to explore
the possibility of PB occurring when the optomechani-
cal coupling is smaller than optical damping rate g < κ2
and show the result in Fig. 8. Obviously, when the op-
tomechanical coupling is smaller than the optical damp-
ing rate, the strong PB is achieved only in the strong
nonreciprocal coupling region, which is coincident with
the previous reports [47, 48]. Although the nonrecipro-
cal coupled auxiliary cavity reduces the requirement of
optomechanical coupling, the ideal optomechanical cou-
pling strength is still the goal pursued by researchers in
the future.
IV. CONCLUSIONS
In conclusion, we have investigated the photon anti-
bunching effect in a double-cavity optomechanical system
with nonreciprocal coupling via calculating the second-
order correlation function analytically and numerically.
Different blockade mechanisms are distinguished and dis-
cussed both in the weak and strong coupling regions.
Specifically, the CPB only occurs in the strong coupling
region, while the UPB can survive even in the weak coup-
ing region ({λ1, λ2} < κ2 and g/ωm  1). To achieve
the perfect PB, we respectively derive the conventional
and unconventional optimal parameter relations by an-
alyzing the respective blockade mechanisms. Moreover,
we give an optomechanical coupling threshold to gener-
ate the perfect PB effect in the weak coupling region, and
both the smaller and larger optomechanical couplings re-
quire a larger nonreciprocal coupling to achieve the same
blockade effect. Meanwhile, we find that those PBs un-
der respective mechanisms (CPB and UPB) show com-
pletely different behaviors with the change of the non-
reciprocal coupling. Furthermore, the dynamical evolu-
tions of second-order correlation function and intracav-
ity photon number are respectively calculated via simu-
lating the quantum master equation numerically, which
can further verify all the analyses under the steady-state
assumption. Our work paves a way for the experimental
implementation of the single-photon source and might be
meaningful in generating the few-photon quantum states.
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8Appendix A: Derivation of system Hamiltonian
The original Hamiltonian of the whole system is given
by
H1 = ω1a
†
1a1 + ω2a
†
2a2 + ωmb
†b+ λ1a
†
1a2 + λ2a1a
†
2
−ga†1a1(b† + b) + Ea†2e−iωlt + E∗a2eiωlt, (A1)
where ωj is the resonance frequency of the jth cav-
ity. By performing a rotating transformation defined by
V = exp[−iωlt(a†1a1 + a†2a2)], the system Hamiltonian is
transformed as
H2 = ∆1a
†
1a1 + ∆2a
†
2a2 + ωmb
†b+ λ1a
†
1a2 + λ2a1a
†
2
−ga†1a1(b† + b) + Ea†2 + E∗a2, (A2)
which is Eq. (1) in the main text. Transforming into the
mechanical displacement representation by a canonical
transformation V ′ = exp[g/ωma
†
1a1(b
† − b)], the Hamil-
tonian changes
H3 = ∆1a
†
1a1 + ∆2a
†
2a2 + ωmb
†b
+λ1a
†
1a2e
− gωm a
†
1a1(b
†−b) + λ2a1a
†
2e
g
ωm
a†1a1(b
†−b)
− g
2
ωm
(a†1a1)
2 + Ea†2 + E
∗a2. (A3)
Due to the weak optomechanical coupling (g/ωm  1),
the exponential factors in Eq. (A3) can be approximately
omitted. The system Hamiltonian then is rewritten as
H4 = ∆1a
†
1a1 + ∆2a
†
2a2 + ωmb
†b+ λ1a
†
1a2 + λ2a1a
†
2
− g
2
ωm
(a†1a1)
2 + Ea†2 + E
∗a2. (A4)
We can see that the mechanical resonator is de-
coupled with the optical cavity, which means the
evolutions of optical and mechanical parts are in-
dependent each other, i.e., the state evolution of
the total system e−iH4t|ψ〉system = e−iH5t|ψ〉optical ⊗
e−iωmtb
†b|ψ〉mechanical. When we study the photon statis-
tic in the system, the mechanical part in Eq. (A4) can be
ignored safely. The Hamiltonian then becomes
H5 = ∆1a
†
1a1 + ∆2a
†
2a2 + λ1a
†
1a2 + λ2a1a
†
2
− g
2
ωm
(a†1a1)
2 + Ea†2 + E
∗a2, (A5)
which is Eq. (2) in the main text when χ = g2/ωm.
Appendix B: Driving the optomechanical cavity
In the main text, the classical laser field used in the
model system is to drive the second cavity, in which the
perfect PB can be observed with the optimal parame-
ters relations in Eq. (9). Here, as a contrast, we sim-
ply discuss the photon statistic when the classical laser
field drives the optomechanical cavity. Meanwhile, the
reduced Hamiltonian is given by
H6 = ∆1a
†
1a1 + ∆2a
†
2a2 + λ1a
†
1a2 + λ2a1a
†
2
− g
2
ωm
(a†1a1)
2 + Ea†1 + E
∗a1. (B1)
Similar to the calculation in the main text, the steady-
state probability amplitudes can be obtained
C10 = 2E (2∆2 − iκ2) /M,
C01 = −4Eλ2/M,
C20 = 2
√
2E2 (2∆2 − iκ2)2 (χ− 2∆2 + iκ2) /N,
C11 = 8E
2λ2 (2∆2 − iκ2) (2∆2 − 2χ− iκ2) /N,
C02 = 8
√
2E2λ22 (2χ− 2∆2 + iκ2) /N, (B2)
with
M =
[
4λ1λ2 + (2∆2 − iκ2) (2χ− 2∆2 + iκ2)
]
,
N =
[
4λ1λ2(2χ− 2∆2 + iκ2) + (2∆2 − iκ2)
×(χ− 2∆2 + iκ2)(4χ− 2∆2 + iκ2)
]
M. (B3)
It is easy to find that the perfect PB cannot occur in
the second cavity due to there is not real solution for
equation |C02| = 0. For the optomechanical cavity, the
condition of the perfect PB occurring (|C20| = 0) is
12∆22 − 4χ∆2 = κ2,
4∆2 (χ− 4∆2)2 = 0, (B4)
which also cannot be satisfied at the same time in the
real space. So the perfect PB cannot occur when the
classical laser field drives the optomechanical cavity in
the nonreciprocal coupled double-cavity optomechanical
system. Therefore, the equal-time second-order correla-
tion function of the optomechanical cavity is
g
(2)
1 (0) =
(χ− 2∆2)2 + κ22
|N/M2|2 , (B5)
which again proves the perfect PB is impossible, i.e.,
(χ−2∆2)2+κ22 6= 0. However, we also need to emphasize
that the occurring of PB is possible because it only needs
to satisfy g
(2)
1 (0) 1. We find that the most strong PB
can occur in the vicinity of ∆2 = χ/2. Experimentally,
the mechanical motion of optical microresonators is re-
lated to many factors, such as size [90], material [91],
external laser pump, etc. For the considered system in
the main text, it could be expected to be implemented
via asymmetric structural engineering.
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